This paper describes a soft, solution-phase approach to the large-scale synthesis of uniform nanowires of bicrystalline silver whose lateral dimensions could be controlled in the range of 30−40 nm, and lengths up to ∼50 µm. The first step of this procedure involved the formation of platinum nanoparticles by reducing PtCl 2 with ethylene glycol heated to ∼160°C. Due to their close match in crystal structure and lattice constants, these platinum nanoparticles could serve as seeds for the heterogeneous nucleation and growth of silver that was produced in the solution via the reduction of AgNO 3 with ethylene glycol. When surfactants such as poly(vinyl pyrrolidone) (PVP) were present in this solution, the silver could be directed to grow into uniform nanowires with aspect ratios as high as ∼1000. Measurements of transport property at room temperature indicated that these nanowires were electrically continuous with a conductivity of approximately 0.8 × 10 5 S/cm.
One-dimensional (1D) nanostructures of metals play an important role as both interconnects and active components in fabricating nanoscale electronic devices.
1 They also provide an ideal model system to experimentally investigate physical phenomena such as quantized conductance and localization effects. 2 Silver nanowires with well-defined dimensions are particularly interesting to synthesize and study because bulk silver exhibits the highest electrical (or thermal) conductivity among all metals. Silver has also been used in a rich variety of commercial applications, and the performance of silver in these applications could be potentially enhanced by processing silver into 1D nanostructures with well-controlled dimensions and aspect ratios. For instance, the loading of silver in a polymeric composite could be significantly reduced when nanoparticles of silver are replaced by nanowires having higher aspect ratios. 3 A number of chemical approaches have been actively explored to process silver into 1D nanostructures. For example, silver nanowires have been synthesized by reducing AgNO 3 with a developer in the presence of AgBr nanocrystallites, 4 or by arc discharging between two silver electrodes immersed in an aqueous NaNO 3 solution. 5 Silver nanorods have been produced by irradiating an aqueous AgNO 3 solution with ultraviolet light in the presence of poly-(vinyl alcohol). 6 The final products of all these methods are, however, characterized by problems such as low yields, irregular morphologies, polycrystallinity, and low aspect ratios. In contrast, the template-directed synthesis offers a better controlled route to 1D silver nanostructures. A variety of templates have been successfully demonstrated for use with this process, and typical examples include channels in macroporous membranes, 7 mesoporous materials, 8 or carbon nanotubes; 9 block copolymers; 10 DNA chains; 11 rod-shaped micelles;
12 arrays of calix [4] hydroquinone nanotubes; 13 and steps or edges on solid substrates.
14 Here we wish to report a soft (with temperatures <200°C), solution-phase approach that allows for the production of bicrystalline nanowires of silver with uniform diameters and in bulk quantities.
The first step of our synthesis involved the formation of Pt nanoparticles by reducing PtCl 2 with ethylene glycol refluxed at ∼160°C. 15 In this so-called polyol process, ethylene glycol served as both solvent and reducing agent. 16 When AgNO 3 and poly(vinyl pyrrolidone) (PVP) were added to this refluxing solution that contained Pt seeds, silver nanoparticles were formed immediately through the reduction of AgNO 3 by ethylene glycol. 17 After the AgNO 3 solution had been added for ∼18 min, the reaction mixture turned turbid with a gray color, and nanorods started to appear in the reaction mixture when a small portion of the solution was taken from the vessel and viewed under an optical microscope. As the reaction mixture was refluxed at ∼160°C
, the number and length of these nanorods increased over a period up to ∼60 min.
The exact mechanism for the formation of silver nanowires via this solution-phase approach is still under investigation by our group. Here is a working hypothesis that agreed well with the electron microscopy and spectroscopy studies. Figure 1 gives the electron microscopy images of four samples that were taken from the refluxing solution after AgNO 3 and PVP had been added for different periods of time: (A) 10, (B) 20, (C) 40, and (D) 60 min. These images indicate the evolution of silver into nanostructures having different morphologies as the reaction mixture was kept refluxing at ∼160°C. When AgNO 3 was reduced by ethylene glycol in the presence of PVP, the initial product was a mixture of silver nanoparticles with two major distinctive sizes ( Figure 1A ): most of them were <5 nm in diameter that were formed in the solution through a homogeneous nucleation process, while some of them were 20-30 nm in diameter that were formed through heterogeneous nucleation on the platinum seeds. These silver nanoparticles were prevented from aggregation into larger ones due to the presence of PVP macromolecules that could chemically absorb onto the surfaces of silver nanoparticles. 18 When this colloidal dispersion was constantly refluxed at ∼160°C, the small silver nanoparticles started to dissolve into the solution and grow onto large nanoparticles of silver via a process known as Ostwald ripening. 19 With the assistance of PVP, these large silver nanoparticles were able to grow into rodshaped structures as shown in Figure 1B . The exact role of PVP in this process is still not clear. One possible function for PVP was to kinetically control the growth rates of various faces by interacting with these faces through adsorption and desorption. 20 The slow dissolution of the small silver particles into the solution might also play a certain role in achieving an anisotropic growth for the large silver particles. In principle, this growth process would continue until all silver particles with diameters <5 nm had been completely consumed ( Figures 1C and 1D ). Note that some silver particles did not develop into the rod-shaped structures ( Figure 1B ) and kept growing into larger colloids that were as stable as the wires. These particles could coexist in the solution with the silver wires ( Figure 1D ). Both platinum seeds and PVP were critical to the formation of silver nanowires: no wire was generated without the addition of PtCl 2 or PVP to the reaction mixture. Figure 2 shows the UV-visible absorption spectra taken from the solutions that were used for electron microscopy studies in Figure 1 . The change in optical features observed in these spectra correlates well with the electron microscopy images. At t ) 10 min, the appearance of a weak plasmon peak at ∼410 nm indicated the formation of silver nanoparticles with diameters of 20-30 nm and at a relatively low concentration. 21 The intensity of this plasmon peak changed very little until ∼20 min into the reaction when a new peak developed at ∼570 nm. This new peak could be attributed to the longitudinal plasmon resonance of rod-shaped silver nanostructures. 22 As the length of these nanorods grew with time, the transverse plasmon mode (at ∼380 nm) was greatly increased in intensity (note the scale change between curves B and C), while the longitudinal plasmon resonance essentially disappeared. At the same time, optical signatures similar to those of bulk silver started to appear, as indicated by a shoulder around 350 nm which could be attributed to the plasmon resonance of bulk silver film. As the reaction proceeded, the two plasmon peaks at 380 and 350 nm were further increased in intensity relative to the plasmon peak positioned at 410 nm. Nevertheless, the peak around 410 nm (this peak slightly shifted to longer wavelengths as the particles grew in size) still existed, even after the reaction mixture had been refluxed for 60 min or longer. This observation indicates that the final product synthesized under this particular condition was a mixture of silver nanowires and nanoparticles ( Figure 1D ).
The silver nanowires could be separated from the nanoparticles using centrifugation. In this case, the reaction mixture was cooled to room temperature, diluted with acetone (about 10 times by volume), and centrifuged at 2000 rpm for 20 min. The nanowires settled down to the bottom of the container under centrifugation while the nanoparticles that still remained in the liquid phase were removed using a pipet. This separation procedure was repeated several times until nanowire samples essentially free of particles were obtained. Figure 3A shows the SEM image of silver nanowires after three cycles of centrifugation/separation. These nanowires had a mean diameter of ∼38 nm, with a standard deviation of ∼5 nm. Figure 3B shows the TEM image of several such nanowires, indicating the uniformity in diameter along each wire. Figure 3C shows the selected area electron diffraction (SAED) pattern obtained from a massive bundle of silver nanowires. All of these diffraction rings could be indexed to face-center-cubic silver, with a lattice constant of ∼4.08 Å. The X-ray diffraction (XRD) pattern taken from a larger quantity of sample also suggested that silver nanowires synthesized using this solution-phase method existed purely in the face-center-cubic phase. The crystal structures of these silver nanowires were further studied using electron microdiffraction and high-resolution TEM. Previous studies have suggested a low threshold for twinning parallel to the {111} faces for face-center-cubic metals such as silver and gold. 23 They tend to grow as bicrystals twinned at {111} planes. Figure 3D Figures  3E and 3F indicate that each portion of this twinned nanowire was single crystalline, each with a well-resolved interference fringe spacing.
The dimensions of these bicrystalline silver nanowires were found to strongly depend on the reaction conditions such as temperature and the concentration of the seeding solution. When the reaction temperature was higher or lower than 160°C, the lengths of silver nanowires decreased significantly (from ∼50 to ∼2 µm). Very few silver nanowires were formed if the reaction temperature was lower than 100°C. Figure 4A shows the TEM image of relatively short nanowires (nanorods) of silver that were grown at ∼185°C
. These nanorods had a mean diameter of 39 ( 3 nm and average length of 1.9 ( 0.4 µm. Figure 4B shows the TEM image of a sample that was synthesized using a procedure similar to that used for the sample shown in Figure 3 , except that the concentration of PtCl 2 was increased by 10 times. In this case, the diameter of these silver nanowires was reduced from ∼40 to ∼30 nm due to an increase in seed number. These experimental results suggest that it would be possible to control the dimensions of silver nanowires by varying the experimental conditions. We have tested the electrical continuity of these silver nanowires by measuring the resistance of an individual nanowire at room temperature using the four-probe method. In this case, a silver nanowire of ∼40 nm in diameter and ∼20 µm in length was aligned across four gold electrodes that had been patterned on a glass slide. Currents were measured as a range of DC voltages that were applied to these gold electrodes. A linear I-V curve was obtained, from which an electrical conductivity of ∼0.8 × 10 5 S/cm was calculated for this nanowire. This value is very reasonable for such a thin nanowire (the conductivity of bulk silver is 6.2 × 10 5 S/cm), and strongly indicates that the bicrystalline nanowires of silver synthesized using the present chemical approach are electrically continuous.
In summary, we have demonstrated a practical approach to the large-scale synthesis of silver nanowires that have uniform diameters in the range of 30-40 nm and lengths up to ∼50 µm. In this process, the evolution of silver into anisotropic nanostructures within an isotropic medium was determined mainly by two factors: (i) the formation of platinum seeds in the solution that could effectively separate the subsequent nucleation and growth steps of silver; (ii) the use of a polymer surfactant that could kinetically control the growth rates of various planes of face-center-cubic silver. Since the polyol process we used here has been previously applied to the synthesis of colloidal particles from a broad range of metals, 24 we believe the approach we demonstrated here could also be extended to these metals. The only requirement seems to be the selection of a proper seeding solid and an appropriate polymer surfactant that could chemically absorb onto the surfaces of these metals.
